Dimeric Structure of the Coxsackievirus and Adenovirus Receptor D1 Domain at 1.7 Å Resolution  by van Raaij, Mark J. et al.
Structure, Vol. 8, 1147–1155, November, 2000, ª 2000 Elsevier Science Ltd. All rights reserved. PII S0969-2126(00)00528-1
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Introduction
Viruses bind their receptors either via a domain of their capsid
or via specialized spike or fiber proteins. Examples in this latter
category are human immunodeficiency virus (HIV), influenza
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c/o Institut Laue Langevin virus, reovirus, and adenovirus. Adenovirus, an icosahedral
DNA virus responsible for a variety of respiratory, gastroentericBP 156
F-38042 Grenoble Cedex 9 and ocular infections [1] binds to its receptor through the head
domain of its fiber protein. The crystal structures of head do-France
†European Molecular Biology Laboratory mains of group C types 2 and 5 and of group A type 12 have
been solved [2–4]. Adenoviruses of groups A, C, D, E, and F areMeyerhofstrasse 1
D-69117 Heidelberg all thought to use the coxsackievirus and adenovirus receptor
(CAR) [5, 6] as primary receptor [7], while the receptor for groupGermany
‡Division of Immunologic and Infectious Diseases B is not yet known. Recently, adenovirus type 37 of group D
was shown to use sialic acid, not CAR, as a cellular receptor [8].Children’s Hospital of Philadelphia
Philadelphia, Pennsylvania 19104 Subsequent internalization of adenovirus is thought to occur
through an interaction of the adenovirus penton base protein
with integrins [9].
CAR, a human glycoprotein of unknown function that also
Summary serves as the coxsackievirus group B receptor, is composed
of two extracellular immunoglobulin (Ig) domains, a trans-
Background: The coxsackievirus and adenovirus receptor membrane helix, and a C-terminal intracellular domain [5]. The
(CAR) comprises two extracellular immunoglobulin domains, N-terminal Ig domain D1 can be classed as an IgV domain and
a transmembrane helix and a C-terminal intracellular domain. is necessary and sufficient for adenovirus binding [10]. The
The amino-terminal immunoglobulin domain (D1) of CAR is binding site for coxsackieviruses has not yet been identified,
necessary and sufficient for adenovirus binding, whereas the but it has been suggested that the second Ig domain, D2,
site of coxackievirus attachment has not yet been localized. may be involved [11]. Mapping of residues conserved in CAR
The normal cellular role of CAR is currently unknown, although binding, but not in non-CAR binding, adenovirus serotypes
CAR was recently proposed to function as a homophilic cell onto the adenovirus types 2 and 5 fiber head structure suggests
adhesion molecule. that CAR binds to a site on the fiber head trimer that could
involve two adjacent monomers [2]. Site-directed mutagenesis
of adenovirus type 5 and 12 fiber head residues supports this
Results: The human CAR D1 domain was bacterially ex- location of the CAR binding site [4, 12, 13]. The crystal structure
pressed and crystallized. The structure was solved by molecu- of CAR D1 bound to the adenovirus type 12 fiber head shows
lar replacement using the structure of CAR D1 bound to the that CAR D1 folds as an IgV domain and binds to a discontinu-
adenovirus type 12 fiber head and refined to 1.7 A˚ resolution, ous region of the fiber head, involving residues of two adjacent
including individual anisotropic temperature factors. The two head monomers [4]. From these site-directed mutagenesis and
CAR D1 structures are virtually identical, apart from the BC, structural studies, it can be concluded that the main binding
C† D, and FG loops that are involved both in fiber head binding determinant is the AB loop of one fiber head monomer, while
and homodimerization in the crystal. Analytical equilibrium ul- residues of the DG loop also appear to be important. The
tracentrifugation shows that a dimer also exists in solution, adjacent monomer contributes a much smaller interaction sur-
with a dissociation constant of 16 mM. face and no mutants in the interaction region of this second
monomer have yet been reported that abrogate CAR binding.
The intracellular domain of CAR is not necessary for adenovirus
Conclusions: The CAR D1 domain forms homodimers in the or coxsackievirus infection and the membrane helix can be
crystal using the same GFCC9C† surface that interacts with replaced by a heterologous membrane anchor [14].
the adenovirus fiber head. The homodimer is very similar to Two other human proteins, the A33 antigen [15] and the
the CD2 D1-CD58 D1 heterodimer. CAR D1 also forms dimers homolog of CTX, a Xenopus thymocyte receptor [16], have
in solution with a dissociation constant typical of other cell identical domain structure to CAR and overall homology of
adhesion complexes. These results are consistent with reports about 24%. It has been suggested that CAR, the A33 antigen,
that CAR may function physiologically as a homophilic cell and CTX form a family of cell adhesion molecules with the
adhesion molecule in the developing mouse brain. Adenovirus capability of intracellular signaling [16].
may thus have recruited an existing and conserved interaction To shed more light on the structure and function of CAR,
surface of CAR to use for its own cell attachment. we have crystallized the N-terminal adenovirus binding IgV
domain D1. We describe its structure at 1.7 A˚ resolution and
compare it with the fiber head–bound form. The protein crystal-
§ To whom correspondence should be addressed (e-mail: m.vanraaij@chem.
leidenuniv.nl).
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Table 1. Summary of Crystal Parameters, Data Statistics, and Refinement Statistics
Crystal Parameters
Space group P43212
Cell dimensions a 5 b 5 68.3 A˚, c 5 146.4 A˚
Solvent content 53.7%
Wilson B value 16.9 A˚2
Data Statistics
Resolution range 20.0–1.7 A˚ (1.79–1.70 A˚)a
Unique reflections 36389 (3806)
Multiplicity 3.7 (2.5)
Completeness 94.1% (70.2%)
Rsymb 7.9% (30.2%)
Refinement Parameters and Statistics
Resolution range 20.0–1.7 A˚ (1.84–1.70 A˚)
Number of reflections used in refinement 34825 (5948)
Number of reflections used for R-free 1564 (222)
R factorc 0.158 (0.150)
R free 0.193 (0.230)
Number of atoms 2170
Number of protein atoms 1923
Number of water molecules 232
Number of sulphate atoms 15
Average protein B value chain A 21.7 A˚2
Average protein B value chain B 19.6 A˚2
Average water B value 39.8 A˚2
Average sulphate B value 37.4 A˚2
Ramachandran plot of nonglycine and nonproline residuesd
Most favorable regions 190, 89.2%
Additional allowed regions 23, 10.8%
Rms deviations from ideal valuese
Bond distances 0.016 A˚
Angle-related distance 0.030 A˚
a Values in parentheses are for the highest resolution bin, where applicable.
b Rsym 5 Sh Si j Ihi 2 ,Ih. j / Sh Si j ,Ih.j, where Ihi is the intensity of the ith measurement of the same reflection and ,Ih. is the mean observed intensity for
that reflection.
c R 5 SjjFobs(hkl)j 2 jFcalc(hkl)jj / SjFobs(hkl)j.
d According to the program PROCHECK [20].
e According to the program REFMAC [43].
lized as a dimer and a dimeric form was also found in solution (obtained sequence DFARSLSITT), thereby confirming the cor-
rect removal of the pelB leader sequence.by analytical ultracentrifugation experiments. It was recently
reported that the murine CAR homolog mediates homophilic
cell aggregation in vitro [17]. Our data are consistent with a Purification and Crystallization
CAR D1 was purified using hydrophobic interaction chroma-function for CAR as a homophilic cell adhesion protein, possi-
bly forming homodimers involving D1 contacts similar to those tography at 48C, followed by an anion exchange chromatogra-
phy and hydrophobic interaction chromatography at room tem-observed in the crystal.
perature. Both hydrophobic interaction chromatography steps
involved phenyl-substituted resins (see Experimental Proce-Results
dures). A yield of up to 2 mg of purified protein was obtained
per liter of bacterial culture. The CAR D1 domain has also beenExpression
The N-terminal adenovirus binding immunoglobulin domain of successfully expressed in the cytoplasm of E. coli by Freimuth
et al. [10].the human coxsackievirus and adenovirus receptor (CAR D1;
residues 15–140 of the CAR coding sequence, Swissprot ac- The protein was crystallized by vapor diffusion from ammo-
nium sulfate solutions containing glycerol at pH 5.2 as de-cession number P78310) was expressed at 258C in E. coli as
described in the Experimental Procedures section. The expres- scribed in Experimental Procedures. Single crystals belonging
to space group P43212 and diffracting to a maximal resolutionsion vector used permits targeting to the bacterial periplasm
via a pelB leader sequence; this strategy was used because of 1.3 A˚ appeared only after several months. A slow drying-
out process resulting in the crystallization drops becomingthe disulphides of Ig domains sometimes form incorrectly in
the reducing environment of the bacterial cytoplasm. We chose supersaturated in ammonium sulfate is apparently necessary
to obtain well-diffracting crystals.to start at residue Asp-15 as residues 1–14 were predicted to
form the signal peptide [5]. Mature CAR purified from HeLa
cells has been reported to start at residue Leu-20 [18]. The Structure Determination
A complete data set to 1.7 A˚ resolution was measured from aexpressed polypeptide was shown to begin with residue 15 of
the CAR coding sequence by N-terminal sequence analysis single crystal flash-cooled to 100 K. Two CAR D1 molecules
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Figure 1. The CAR D1 Monomer
(a) Ribbon diagram of the CAR D1 monomer.
Shown is monomer A with the ABDE sheet in
green, the CFG sheet in red, and connecting
loops in blue. Boundaries of b strands are
indicated. This figure and Figures 1b, 3a, and
4 were prepared using the program BOB
SCRIPT [47].
(b) Overlay of the structures of monomers A
(blue) and B (yellow) and in orange CAR D1
as taken from the adenovirus type 12-CAR
D1 complex structure (PDB code 1kac). The
orientation is the same as in (a). Only the poly-
peptide backbone is shown; loops where ap-
preciable differences exist between the
structures are labeled.
(c) Ca-distances between equivalent residues
after superposition of monomer B onto mo-
nomer A (black line), fiber head–bound CAR
onto monomer A (red), and fiber head–bound
CAR onto monomer B (blue). Residues are
numbered according to their position in the
coding sequence of CAR.
could be placed in the asymmetric unit by molecular replace- C, C9, C† , F, and G (see Figures 1a and 2 for secondary structure
assignment to the sequence). The two sheets are held togetherment, using the model of Bewley et al. ([4]; PDB entry 1kac,
by hydrophobic and aromatic packing interactions, a covalentchain B). These served to provide initial phases from which a
disulphide bond packed against the aromatic ring of Trp-57,new model was built automatically with the warpNtrace method
and a salt bridge (Arg-90 with Asp-114). Gly-34 is involved inof the program ARP/wARP [19]. This new model contained 239
a sharp turn connecting strand A’ to strand B. Residues formingresidues; a further 6 residues were built manually. The final
the salt bridge, the hydrophobic core, the cysteine residues2Fo-Fc map shows electron density for residues 16–139 of chain
involved in the disulphide bond, and Gly-34 are conservedA and for residues 19–139 of chain B. The final model has an
among many Ig family members. These conserved residuesR factor of 15.8% (R free 19.3%) and includes 1907 protein
(shown in gray in Figure 2) are likely to have some structuralatoms, 232 water molecules, and 3 sulfate ions (Table 1). Resi-
importance for the protein’s IgV fold.dues 63–67 in a surface loop are relatively disordered in both
The two monomers in the asymmetric unit, A and B, are notchains as compared to the rest of the molecule. The protein
significantly different (compare the blue and yellow structurescontains one cis-peptide between residues Ala-125 and Pro-
in Figure 1b). The only region with greater than 1 A˚ distance126 in both monomers. Inspection of a Ramachandran plot
between Ca-atoms after superposition of monomer B onto Agenerated by the program PROCHECK [20] shows very good
is between residues 22 and 26, where strand A crosses overstereochemistry, with nearly 90% of nonglycine, nonproline
from the BDE sheet to the CFG sheet (see Figures 1a and 1bresidues in the most favorable regions (Table 1).
and the black line in Figure 1c). The backbones of Thr-23, Thr-
24, and Pro-25 follow different paths, and the side chains have
different rotamers. In monomer A, residues Thr-24, Pro-25,The Structure of the CAR D1 Monomer
Each monomer of the CAR D1 homodimer is nearly identical Glu-26, Met-27, and Glu-30 are involved in a crystal contact.
The A9 strand containing these residues packs in a grooveto CAR D1 bound to the fiber head of adenovirus 12 [4]. Differ-
ences are evident only within the C† D, AA9, BC, and FG loops. between the A9 and B strands of a symmetry-related copy of
monomer B. Presumably, the region containing residues 23–25The CAR D1 domain folds into an Ig domain of the V type
[21]. A b sheet containing strands A, B, D, and E packs against is flexible and can adopt slightly different conformations de-
pending on the local environment.the concave side of a large curved sheet containing strands
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Figure 2. Alignment of Human CAR D1 with
its Murine and Zebrafish Homologs and with
the D1 Domains of CD2 and CD58
The mouse homolog of CAR D1 is shown as
“mCAR” and a zebrafish homolog of CAR D1
is shown as “zCAR” in the figure. The PDB
code for the CD2 D1-CD58 D1 complex is
1qa9. Conserved residues that may be struc-
turally important are shown in gray. The CAR
D1 sequence is shown twice: at the top, the
sequence as present in our crystal structure,
and on the second line, the sequence as pres-
ent in the complex structure with the adenovi-
rus type 12 fiber head (“Ad12CAR”). Residues
involved in CAR D1 homodimer contacts are
shown in orange and residues involved in
CAR D1 contacts with the fiber head are
shown in purple, while residues involved in
CD2-CD58 heterodimer contacts are in green
for CD2 and red for CD58. Numbering begins
at the initiator methionine, except for Ad12-
CAR, which is numbered as in Bewley et al.
[4]. b strands are indicated as present in the
CAR D1 structure.
The main differences between homodimeric and fiber head– bonds between protein atoms and hydrogen bonds via two
dyad-related water molecules (Table 2). Dimer formation buriesbound CAR D1 are seen within the C“D loop, which has the
same conformation in both monomers in our structure but around 1300 A˚2 of accessible surface (calculated with a probe
radius of 1.4 A˚), with 650 A˚2 being contributed by each monomeradopts a different conformation when binding to fiber head
(differences in Ca-positions of up to 4 A˚, Figure 1c). The back- (Figure 3b). Other contacts bury significantly less surface, with
the greatest comprising around 810 A˚2 and the others less thanbone between Asp-81 and Leu-87 follows a different path in
the two structures, allowing for different positions of the side 500 A˚2. We therefore consider these less likely to be biologically
relevant interactions. Residues that become buried upon dimerchains of Asp-82 and Pro-85, which are important contacts in
the CAR D1-fiber head complex, but not in the homodimer. In formation belong to the BC loop, C9 strand and adjacent resi-
dues, the C† D loop, and the FG loop and adjacent residues.the homodimer, Tyr83 is involved in hydrogen bonding with
Glu-48 of the other monomer, while Tyr-84 occupies the posi- Hydrogen bond contacts are summarized in Table 2. Additional
dimer contacts are formed by Tyr-80, whose ring packs againsttion of Tyr-83 in the complexed D1 domain.
The AA9 loop of the complexed domain is more similar to the ring of Pro-126, and the following van der Waals contacts:
Gly-51/Tyr-80, Pro-52/Gly-76, Val-70/Val-128, Leu-73/Ala-125,monomer B than to monomer A of the homodimer, suggesting
that the structure of this region in monomer A may be perturbed Tyr-83/Pro-126. The poorly ordered side chains of Lys-121 of
both monomers also become buried upon dimer formation. Allby a crystal contact. Smaller differences involving only minor
main chain dihedral angle changes are observed in the N-ter- residues of CAR D1 that become buried upon dimer formation
are shown in orange in Figure 2. A potential glycosylation siteminal part of the BC loop and also in the FG loop. In the BC
loop, the carboxyl group of Glu-48 moves toward the interface in CAR D1, Asn-106 of the E strand [5], is on the side opposite
to interact with Tyr-83 of the other CAR D1 monomer. The FG to the dimer interface.
loop in the complex is slightly displaced relative to that in the Overall, the human and murine CAR (hCAR and mCAR) D1
dimer to make room for the F strand of the fiber head [4]. As the sequences are 91% identical (Figure 2; [6]). All sixteen residues
BC loop, C“D loop, and FG loop all contain residues involved in involved in the putative dimer interface are identical compared
adenovirus fiber head binding and dimer interactions (Figure to 17 out of 19 residues involved in adenovirus binding. A
2 and below), the observed structural variations show that zebrafish CAR (zCAR) homolog (Figure 2) is more distantly
this region is adaptable to suit interactions with at least two related to hCAR and therefore more useful in looking for puta-
different ligands. tive functionally important residues. hCAR and zCAR have an
overall D1 identity of 55% that reduces to 44% if residues
involved in homodimerization (colored orange in Figure 2) andCAR D1 Homodimer Interactions
core residues (colored gray), putatively important for the struc-Two molecules of CAR D1 are present in the asymmetric unit,
ture of the IgV domain, are removed from consideration. Never-related by a noncrystallographic dyad (Figure 3a). Polar interac-
tions involved in dimer formation consist of direct hydrogen theless, the residues involved in the putative dimer interface
Structure of Adenovirus Receptor Dimer
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Table 2. Hydrogen Bonds between the Two Monomers in the Dimer
Direct Hydrogen Bonds in the A-B Interface
Atom from Monomer A Atom from Monomer B Distance (A˚)
Glu-A48 Oe2 Tyr-B83 OH 2.26
Asp-A54 Od1 Lys-B123 Nz 2.67
Tyr-A83 OH Glu-B48 Oe2 2.50
Tyr-A84 OH Pro-B126 O 2.74
Lys-A123 Nz Asp-B54 Od2 3.20
Lys-A123 Nz Asp-B54 Od1 3.22
Lys-A123 Nz Glu-B56 Oe2 2.79
Pro-A126 O Tyr-B84 OH 2.75
Water-Mediated Hydrogen Bonds
Water Protein Atom Distance (A˚)
17 Pro-A52 O 2.60
17 Ala-A125 N 2.83
17 Ser-B75 Og 2.78
22 Ser-A75 Og 2.82
22 Pro-B52 O 2.59
22 Ala-B125 N 2.95
Residue Ser-19 of monomer B, although in contact with monomer A, has
been omitted from consideration because it is not that well ordered and
has a different conformation in monomer A.
are largely conserved between zCAR and hCAR. Of the 16
residues that become buried upon dimerization, 11 are identi-
cal between hCAR and zCAR (69%), compared to 9 out of 19
residues involved in the adenovirus interaction (47%). This
suggests that the putative dimer interface is more conserved
than the rest of the domain, excluding the core. Inspection of
the structure shows that the five interface residues that are
different can easily be accommodated in a putative zCAR D1
dimer similar to that observed for hCAR. The Glu-48!Asp
change, on the edge of the CAR D1 dimer surface, can be
made with retention of the possibility of hydrogen bonding to
Tyr-83 of the other monomer (see Table 2). The Tyr-80!Phe
change allows for conservation of the van der Waals interaction
Figure 3. The CAR D1 Homodimerof the aromatic ring with Pro-126 of the other monomer and
(a) The CAR D1 dimer viewed down the noncrystallographic dyad. Monomerof the Tyr-80/Gly51 van der Waals interaction. Two remaining
A is colored blue, and B is yellow. Residues involved in direct hydrogendifferences, Leu-73!Val (large hydrophobic to medium-sized
bonds between the two monomers are shown in orange and labeled forhydrophobic) and Ala-125!Val (small hydrophobic to medium-
monomer A. The N- and C-termini are labeled and the approximate position
sized hydrophobic), appear to compensate one another, as of the noncrystallographic dyad is indicated.
Leu-73 of monomer A and Ala-125 of monomer B are opposite (b) Surface representation of monomer A in blue. The surface that gets
each other in the dimer interface, and vice versa. The absence buried upon homodimer formation with monomer B is shown in yellow.
Residues involved in dimer interactions are indicated. This figure was pre-of an oxygen atom as a result of the aforementioned Tyr-80
pared using the program GRASP [48].to Phe change also allows for some extra space to incorporate
the Ala-125!Val change of the other monomer. The remaining
substitution of Val-128!Ile in zCAR adds only one atom and
the point of view of the virus, this strategy could be advanta-does not appear difficult to accommodate. These observations
geous, as mutations that might evade virus attachment couldsuggest that there has been a selective pressure to conserve
also disrupt normal CAR function and may thus be less likelythe potential for CAR D1 homodimerization.
to occur. Adenovirus binds to CAR with high affinity, with disso-
ciation constants in the nanomolar range [13], which may facili-The CAR D1 Homodimer Interface Largely Overlaps
tate attachment of an individual virion to the cell surface. Inthe CAR-Adenovirus Fiber Interface
contrast, the 1000-fold lower affinity measured for the CAR D1Although significantly smaller (1300 versus 1680 A˚2), the CAR
homodimer (see below) is consistent with a role in cell adhe-D1 surface involved in homodimer formation in the crystal is
sion, in which multiple weak interactions may contribute to avery similar to the one that interacts with the adenovirus fiber
stable cell–cell interface [22, 23].head (compare Figure 3a with Figure 4a and compare Figure
3b with Figure 2c of [4]). It involves residues from the same
regions (compare orange and purple shaded residues in Figure Comparison with the CD2-CD58 Heterodimer
The CAR homodimer resembles the recently reported structure2). Adenovirus may have recruited an existing cellular interac-
tion surface for the purpose of its primary attachment. From of the CD2-CD58 heterodimer [24]. CD2-CD58 heterodimer
Structure
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Figure 5. Equilibrium Sedimentation Analysis of CAR D1
CAR D1 at five different concentrations was centrifuged at three different
speeds as described in Experimental Procedures. Data from one experiment
at the average concentration (0.6 mg/ml) and average speed (23,000 rpm)
are shown, together with a curve resulting from a global fit of all fifteen
experiments. The model used for fitting was a reversibly associating mono-
mer-dimer model; it gave a dissociation constant of 16 (6 7) mM. As an
inset, the deviations from the fit for this experiment are shown as a function
of r2.
These experiments were done at near-physiological pH (7.4)
and ionic strength (150 mM sodium chloride). Five samples,
each at a different concentration, were measured at three dif-
Figure 4. The CAR D1-Adenovirus Type 12 Fiber Head Complex and the ferent centrifuge speeds, yielding fifteen data sets (see Experi-
CD2 D1-CD58 D1 Heterodimer mental Procedures). In the first instance, each data set was
(a) Adenovirus type 12 fiber head-CAR D1 complex with CAR D1 (orange) analyzed individually. When a model with a single species was
in the same orientation as monomer A in Figure 3a. One monomer of the used, apparent molecular weights between those for a mono-
adenovirus type 12 fiber head is shown in green. Side chains of some CAR
mer and a dimer were observed; these apparent molecularD1 residues important for adenovirus binding [4] are shown in purple and
weights were independent of the centrifugation speed but in-labeled (see Figure 2 for additional interacting residues).
(b) CD2-CD58 heterodimer with CD2 D1 (yellow) in the same orientation as creased with the protein concentration. This prompted us to
CAR D1 monomer A in (a). CD58 D1 is shown in blue. Side chains of some assume that we were dealing with a reversibly associating
CD2 D1 and CD58 D1 residues important for their interaction [24] are shown system under the conditions examined. We then analyzed data
in green for CD2 and red for CD58 (the rest of the interaction residues are sets individually with different models, including monomer-
shown in Figure 2).
dimer association, monomer-trimer association, and mono-
mer-tetramer association. The reversibly associating mono-
mer-dimer model clearly gave superior fits to the other models.interactions involve the same GFCC9C† interface (compare Fig-
ures 3a and 4b) and residues from equivalent regions (compare Finally, we performed global fitting of all 15 data sets, using
a reversibly associating monomer-dimer model. This yieldedCAR residues shaded orange with CD2 residues shaded green
and CD58 residues shaded red in Figure 2), although CD2 D1 a dissociation constant of 16 6 7 mM for the CAR D1 dimer.
In Figure 5 the data and global fit are shown for an averagelacks a C† strand. In the case of the CD2-CD58 heterodimer,
the interactions are thought to involve only the D1 domains data set. Including a parameter compensating for nonideal
behavior of the protein or a tetramer component did not im-(for a review, see [25]) with the D2 Ig domains providing the
correct spacing between the CD2-bearing and CD58-bearing prove the fits, indicating near-ideal behavior and no significant
amounts of tetramer at the concentrations examined. Freimuthcells. The dissociation constant of the CD2-CD58 heterodimer
is in the micromolar range (9–22 mM; [26]), like that of the CAR et al. [10] have studied the oligomerization state of CAR D1 by
gel filtration experiments. They concluded that their proteinD1 dimer (see below). It should be noted that the extracellular
domain of CD2 forms symmetric homodimers in crystals [27, behaves as an elongated dimer or a tetramer. Our ultracentrifu-
gation experiments, which unlike gel filtration are independent28], in which, again, the GFCC9C† interface is involved. How-
ever, these CD2 homodimers are not thought to be biologically of the shape of the macromolecule, support the dimer hypothe-
sis. Cross-linking data (not shown) are also consistent withrelevant.
homodimerization of CAR D1. Although at present we cannot
be certain that the dimer observed in solution is the same oneAnalytical Ultracentrifugation of CAR D1
To investigate the oligomerization state of CAR D1 in solu- as in the crystal, it remains a plausible hypothesis that can be
further tested, notably by site-directed mutagenesis.tion, we performed analytical ultracentrifugation experiments.
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Discussion ing embryonic development, with high but transient expression
in the brain and spinal cord and lower levels in the heart and
other tissues [10, 17, 33, 34]. These observations, combinedWe have presented structural and biochemical evidence show-
ing that the CAR D1 domain may participate in homotypic with the demonstration that CAR mediates homophilic cell ad-
hesion in vitro [17], have led to the suggestion that CAR mayinteractions, although we have not shown that the interface
observed in the CAR D1 homodimer in the crystal is responsible play an important role in mediating neuron organization in the
developing brain [17] and perhaps in organization of otherfor the domain dimerization in solution. We have measured
a dissociation constant for CAR D1 homodimerization in the tissues.
The existence of the CAR D1 homodimer supports a possiblemicromolar range, similar to those reported for known cell
adhesion molecules [22, 23]. Our observations on D1 are there- role for CAR in cell adhesion, and the crystal structure pre-
sented here suggests that CAR-mediated homotypic interac-fore consistent with recent studies suggesting that CAR func-
tions in homophilic cell adhesion [17]. It should be noted that tions may depend on dimerization using the D1 GFCC9C† sur-
face. The CAR D1 dimer structure provides a starting point inthese studies used the entire CAR molecule including the sec-
ond extracellular domain (D2) and therefore do not demon- generating CAR mutants of the GFCC9C† surface with reduced
binding affinities; these mutants may help to elucidate thestrate that D1 is either necessary or sufficient for the CAR-
dependent cell aggregation phenomenon reported [17]. We biological role of CAR in vivo, without having the potentially
lethal effect of a full CAR knockout.also cannot rule out the possibility that the D1 homodimer in
the crystals is a nonphysiological result of crystal packing
Experimental Proceduresforces or the possibility that dimerization occurs between CAR
molecules in cis on the cell surface, rather than in trans across
Construction of the Expression Vector pAB3.CAR15–140the cell–cell junction. Nevertheless, conservation of the resi-
A DNA fragment encoding CAR D1 (residues 15–140 of the coding sequence)
dues involved in the homodimer interface between human and was obtained by PCR using the plasmid pcDNA1-CAR [5] as a template.
zebrafish CAR lead us to propose the crystal dimer as a possi- Priming oligonucleotides were designed to create an NcoI restriction site
ble component in the biochemical mechanism for CAR-medi- overlapping the desired start codon (59-CAGTCCATGGCGGATTTCGCCCG
CAGTCTGAGTATC-39) at the 59 end and stop codons plus an AscI restric-ated cell–cell interaction. The similarity to the CD2-CD58 heter-
tion site (59-AGGCGCGCCTTATTACTTAACAAGAACTACCAGATGAATC-39)odimer is also striking, although it is known that different cell
at the 39 end. After digestion, the amplified DNA was cloned into the vectoradhesion molecules of the Ig class use a variety of interfaces
pAB3 [35]. This vector permits expression under control of the lac promotor-
for their intermolecular contacts [25]. Mutational analysis of operator [36] and targeting to the bacterial periplasm by means of the Erwinia
the putative dimer interface should permit our working hypoth- carotovora pectate lyase leader peptide [37]. DNA sequence analysis con-
esis to be tested. In this respect, it is interesting to note that firmed the correctness of the resulting expression clone.
Tomko et al. [11] have expressed four CAR D1 mutants on the
surface of transfected cells, all of which still bind coxsackie- Expression of CAR D1 and Extraction from the Periplasm
CAR D1 was expressed in the periplasm of E. coli. A 5 ml overnight culturevirus, suggesting that coxsackievirus may not have CAR D1
of E. coli strain XL1Blue (Stratagene, La Jolla, CA) freshly transformed withas its main binding site. One double mutant denoted DAD (Val-
pAB3.CAR15–140 was grown in LB-Ap medium (10 g/l Bacto tryptone, 5 g/l70!Ala and Leu-73!Asp) could no longer bind adenovirus
yeast extract, 7.5 g/l sodium chloride, 100 mg/l ampicillin) at 258C until the
type 5; these residues are also involved in the putative CAR culture(s) had reached an optical density of 0.5 (600 nm). Expression was
homodimer interface. The other three mutants still bind adeno- induced with 0.2 mM isopropyl-b-D-thiogalacto-pyranoside and growth was
virus and do not involve residues of the GFCC9C† -interface, continued for 10–20 hr at 178C–258C. After harvesting by centrifugation (30
min, 7000 3 g), cells were resuspended in 150 ml PBS (8 g/l sodium chloride,apart from Glu-48!Ala, which is implicated in CAR D1 dimer
0.2 g/l potassium chloride, 1.44 g/l disodium hydrogen phosphate, 0.24formation but not in adenovirus attachment. The cell adhesion
g/l potassium dihydrogen phosphate [pH 7.4]) and recentrifuged (20 min,properties of the mutants DAD and Glu-48!Ala could be stud-
13,500 3 g). The PBS-washed cells were then resuspended in 150 ml 200
ied to further elucidate CAR function. mM Tris-hydrochloric acid (pH 8.0), 0.5 mM EDTA, 0.5 M sucrose, centrifuged
as before, and resuspended in 150 ml distilled water to release the periplas-
mic fraction. After a 20 min incubation, cell debris were removed by centrifu-Biological Implications
gation and protease inhibitors (Complete, Boehringer Mannheim, Germany)
were added.We have determined the high resolution structure of the adeno-
virus binding domain of the coxsackievirus and adenovirus
Purification of CAR D1receptor (CAR D1). In the crystals, CAR D1 forms dimers, and
To the periplasmic extract, sodium dihydrogen phosphate, disodium hydro-
we have used analytical ultracentrifugation to show that dimer- gen phosphate, and ammonium sulfate were added to give final concentra-
ization also occurs in solution with a dissociation constant in tions of 25 mM, 25 mM, and 1.5 M, respectively. Centrifugation (30 min
at 45,000 3 g) removed a small amount of precipitated impurities. Thethe micromolar range. We compared the structure of CAR D1
supernatant was loaded onto a 75 ml phenylsepharose FF high sub (Phar-in the dimer with the known adenovirus-bound structure [4].
macia, Orsay, France) column at 48C and eluted with a linear gradient ofThe surface responsible for dimerization is the same GFCC9C†
1.5–0.0 M ammonium sulfate in PE buffer (25 mM sodium dihydrogen phos-surface that interacts with the adenovirus fiber head, sug-
phate, 25 mM disodium hydrogen phosphate, 1 mM EDTA). The protein
gesting that adenovirus may have recruited an existing interac- eluted toward the end of the gradient. Fractions containing CAR D1 were
tion surface for its attachment. The CAR D1 homodimer resem- dialyzed against TE buffer (10 mM Tris-hydrochloric acid [pH 8.5], 1 mM
EDTA) and loaded onto a Q10 anion exchange column (Biorad, Ivry sur Seine,bles the CD2-CD58 heterodimer [24], which also dimerizes
France; volume 10 ml) equilibrated with TE buffer at room temperature. Theusing the GFCC9C† -interface and has a similar dissociation
protein eluted at around 80 mM sodium chloride in a linear gradient of 0–500constant.
mM sodium chloride in TE buffer. To fractions containing CAR D1, sodiumCAR is expressed in a variety of human adult tissues [6,
dihydrogen phosphate, disodium hydrogen phosphate, and ammonium sul-
11, 29]. In polarized epithelial cells, CAR is restricted to the fate were added as before, and the protein was loaded onto a phenyl su-
basolateral surface, and thus may be concentrated at sites of perose 10/10 hydrophobic interaction column (Pharmacia, Orsay, France;
volume 8 ml) equilibrated in PE buffer containing 1.5 M ammonium sulfatecell–cell contact [30–32]. In mice, expression is regulated dur-
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at room temperature. The protein eluted at around 1.1 M ammonium sulfate ULTRASCAN, using the known buffer composition and amino acid composi-
tion of the protein. It was assumed that the protein absorbance and partialin a decreasing gradient of 1.5–0 M ammonium sulfate in PE buffer. Fractions
containing the purified protein were pooled and transferred to water (for volumes were the same for the monomeric and dimeric forms. Absorbance
was measured at discrete values between 280 and 295 nm, depending oncrystallization) or to HN buffer (10 mM HEPES-sodium hydroxide [pH 7.4],
150 mm sodium chloride [for analytical ultracentrifugation experiments]) the protein concentration (280 nm for 0.2 mg/ml, 290 nm for 0.4 mg/ml, 293
nm for 0.6 mg/ml, and 295 nm for 0.8 and 1.0 mg/ml). Each data point wasby repeated dilution and concentration using Centricon 20 concentration
devices (Millipore, St Quentin Yvelines, France). Protein concentrations were the average of 30 measurements.
estimated using a calculated molar extinction coefficient of 13,490 M21cm22
at 280 nm [38].
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